Among animal models, rabbits are widely used in medical research, as they fill the gap between smaller models, commonly employed in basic science, and larger ones, which are better suited for preclinical trials. Given their rapid growth, rabbits provide a valuable system for the evaluation of bone implants for tissue regeneration. By means of a histomorphometric analysis, here we quantified the mineral apposition rates (MARs) in osteonic, periosteum and endosteum osteogenic fronts, of skeletal elements within femur, tibia, radius, ulna, frontal and parietal bones in New Zealand White rabbits aged 6, 7 and 8 months. Our hypothesis is that the MAR varies according to the skeletal maturity of the animal, and also within the skeletal elements and the osteogenic fronts considered. In the present study we show that the MAR in both femur and tibia is significantly higher than in ulna and radius. We also demonstrate that the MAR in parietal bones is significantly higher compared to the MAR of both frontal and forelimb bones. Contrary to what was expected, the MARs of all the skeletal elements considered were not decreased following full skeletal maturity. Finally, the MAR of the osteonic-osteogenic front is the lowest in all of the skeletal elements considered. In conclusion, these results provide new important insights for the evaluation of bone implants, casting a light on the role of both age and osteogenic fronts on the bone MAR, and providing valuable information on the physiological bone turnover in New Zealand White rabbits.
Introduction
Given the intermediate size, the long lifespan, and moderate economic cost related to its maintenance, the rabbit is widely used in medical research. In particular, due to its fast skeletal growth the rabbit is used in around 35% of musculoskeletal studies 1 and represents an excellent model for the investigation of bone implants for tissue regeneration. 2 The rabbit reaches its skeletal maturity at the age of 6 months, 3 but the closure of the bone growth plate can vary across bones and also between different epiphyses of the same bone. 4 The average age of growth plate closure is 5.3 months (22.71 weeks) for the femur and 6.8 months (29.14 weeks) for the tibia. 5 According to radiographic and histological evidence, New Zealand White rabbits achieve the closure of the growth plates at 19-24 weeks in the distal femur, 22-32 weeks in the proximal tibia and 23-32 weeks in the proximal fibula. 6 Overall, rabbits grow rapidly between 15 and 43 days after birth, thus the greater increase in their bone size occurs in this early period. On the contrary, at the onset of day 50 after birth, there is an attenuation in bone length growth that reaches its minimum between day 78 and day 92. 7 The femur in particular, undergoes a steep longitudinal growth reaching 97% of its adult length within 130 days, followed by a continuous decrease of the skeletal growth that ends around the age of 6 months. 4, 8 A similar pattern of rapid growth is observed in the craniofacial region which develops rapidly during the immediate postnatal period. Indeed, at 2 weeks of age, the craniofacial growth is significantly higher than the growth of the lower limbs. 9 Generally, the bone growth within a skeletal element can occur at different rates depending on the region considered in the first 6 month after birth, and it is influenced by the periosteal, endosteal and osteonic osteogenic fronts. [10] [11] [12] The osteogenic process is a fundamental factor in the understanding of bone growth, and therefore in the evaluation of bone turnover. The efficiency of a biomaterial for bone regeneration is profoundly influenced by the bone remodeling characteristics of the model used to assess it, 2 therefore an understanding of the underlying mechanisms behind species specific osteogenesis is crucial for the evaluation of new bone regeneration approaches.
The present study aims at evaluating the mineral apposition rate (MAR) of actively growing periosteum, endosteum and osteonic osteogenic fronts within different skeletal elements in New Zealand White rabbits at the age of 6, 7 and 8 months. The skeletal elements investigated (femur, tibia, radius, ulna, frontal and parietal bones) were selected considering the anatomical sites commonly used in the regenerative medicine, tissue engineering, and biomaterial field. [13] [14] [15] [16] [17] Our hypothesis is that the MAR varies depending on the skeletal maturity, the skeletal elements, and the osteogenic fronts considered.
Based on evidence from the literature, we hypothesize that the MAR is lower within the osteonic front than in the endosteum and periosteum because of the lower linear density of osteoblast. 12 We expect a reduction in MAR with aging full skeletal maturity and we hypothesize that MAR varies in the skeletal elements considered due to the different physiological mechanical loading conditions.
Materials and Methods

Animal procedure
Nine outbred male New Zealand white rabbits at the same age were randomly selected from three litters and divided into three experimental groups (3x3). The three components of each litter were randomly subdivided in the three experimental groups.
These animals were maintained until the age of 6, 7 or 8 months (groups 6M, 7M and 8M, respectively) before sacrifice. At the beginning of the study the animals belonging to groups 6M, 7M and 8M had mean weights (±SD) of 2.95±0.120, 3.030±0.095 and 3.39±0.186 kg, respectively. Animals were housed in separate cages (size 67 X 60 X 35 cm), received commercial food (pellets) and water ad libitum and were checked daily. European and Italian regulations on animal experiments were strictly followed during the entire study, according to European Commission regulations. 18 The experimental procedure and the sample size computation were approved by the Animals Ethics Committee of the University of Parma and by the Health Ministry (REFERENCE). Since the effect due to age, anatomical site and bone structure on osteogenesis investigated in the present research were unknown and no similar reports were available for comparison; thus, the present study can be considered as a pilot experience.
To assess osteogenic activity and MAR, two fluorescent markers were sequentially administered subcutaneously to all animals in the three experimental groups as follows: calcein green (CG; 5 mg/kg body weight; Sigma, St. Louis, MO, USA), administered daily for 3 days, and xylenol orange (XO; 90 mg/kg body weight; Sigma), administered daily for 5 days, with a marker interval of 7 days. The colours of these fluorochromes are clearly distinguishable from each other (green and red), and thus they can be used sequentially to highlight newly deposited bone. 19 Forty-eight hours after the last XO administration, animals were pharmacologically euthanized with Tanax (0.3 mL/kg body weight, Hoechst Roussel Vet, Milan, Italy).
Bone samples were harvested as follows: 1.5-cm-long sections were collected from the femur distal epiphysis (F1) and the midshaft (F2) (Figure 1a ), 1.5-cm-long samples were harvested from the proximal epiphysis (T1) and the midshaft (T2) of the tibia (Figure 1b) . As for the radius (R) and ulna (U) 1.5-cm-long samples were harvested from the midshaft of each bone (Figure 1c) . We also harvested two samples from the skull of each rabbit: 1.5-cm wide square tissue samples crossing the sagittal suture, localized cranially respect to the coronal suture for the frontal bone (F) and caudally for the parietal bone (P) (Figure 1e ). Together these bone samples form the skeletal elements that were considered for the histomorphometric analysis.
Histomorphometry
Bone samples were harvested, immediately fixed in 4% paraformaldehyde, dehydrated in increasing concentration alcoholic solutions (70 up to 100%), cleared with xylene and finally embedded in polymethylmethacrylate resin (Osteo-Bed; Polysciences, Warrington, PA, USA). Specimens were sequentially cross-sectioned (thickness, 50 m) perpendicularly to the longitudinal axis of the bone using a Leitz 1600 saw microtome (Leitz, Wetzlar, Germany). One section out of four was randomly chosen for subsequent analysis, and three sections for each skeletal elements were used for histomorphometric analysis.
For dynamic histomorphometric measurements, sections were observed under fluorescent microscopy using a motorized microscope (Nikon Eclipse 90i, Nikon, Tokyo, Japan) equipped with a digital camera (Nikon model 5M) and connected to a PC with image analysis software (NIS -Elements AR 3.1, Nikon Tokyo, Japan) comprising a realtime 2D deconvolution module. Mineral apposition rate (MAR) was measured as micrometers per day and calculated from the distance between the corresponding edges of two consecutive labels divided by the time interval between labeling. 20 Parameter calibrations for magnification and image acquisition were established on the basis of pre-set standardized conditions.
The histomorphometric analysis was performed on the skeletal elements above described. In particular, the MAR of osteonic (O), periosteum (P) and endosteum (E) osteogenic fronts was assessed within 3mm 2 regions of interest (ROIs). Regions of interest in long bones were located in craniolateral (CrL), caudolateral (CaL), craniomedial (CrM) and caudomedial (CaM) position within the cross-sections (Figure 1d ). For the skull, ROIs were located in cortical tables (OT), diploe (D) and inner cortical tables (IT) (Figure 1f ).
Statistical analysis was performed using IBM SPSS Statistics 19 (IBM Italia S.p.A., Segrate, Milan, Italy). Data were analysed with descriptive statistics followed by repeated measures ANOVA with crossed (experimental times) and nested (skeletal elements and osteogenic fronts) factors. Then, a statistical planned test or post-test with Sidak correction was performed. Collected data are summarized and reported in Table 1 . To verify the power, the statistical power tests have been performed ex post on ANOVA results, by means of both the IBM SPSS Statistics 19 and GPower 3.1.
Results
For each osteogenic front, two consecutive bone fluorochrome labels (CG and XO) were clearly visible, thus it was possible to quantify the MAR (Figure 2 ). Analysis of variance showed a highly significant interaction between age and factors associated to bone structure (skeletal elements and osteogenic fronts). The statistical power tests performed ex post on ANOVA for ≤0.05 resulted between 84 and 100%.
Mineral apposition rate based on skeletal elements
Grouping the data by the skeletal elements (Figure 3a) , the MAR was higher in femur (F1, F2), tibia (T1, T2) and parietal bone compared to Article N o n -c o m m e r c i a l u s e o n l y ulna, radius and frontal bone. In the long bones, the MAR was higher in the hindlimb (Membrum pelvinum) samples compared to forelimb (Membrum thoracicum) samples. In particular, in the hindlimb the highest levels of the MAR were observed in F1 compared to F2, T1 and T2, which were extremely homogeneous and such homogeneity was not observed in ulna or radius. In flat bones, parietal and frontal elements were substantially different. The MAR in frontal bone was comparable to that recorded in the samples harvested from the forelimb, whereas the MAR in parietal bone was comparable to the one in the samples from hindlimb. For long bones, the MAR in F1 was significantly higher than in F2 (P=0.002), T1 (P=0.004), T2 (P=0.001), ulna and radius (P<0.001). Moreover, the MAR in F2, T1 and T2 was significantly higher than the MAR in ulna and radius (P<0.001). The statistics thus confirmed the descriptive analysis, showing a different trend between skeletal elements from forelimb and hindlimb. In the flat bones, a statistically significant difference between frontal and parietal elements was observed (P<0.001).
Mineral apposition rate based on animal age
Grouping the data according to animal age ( Figure 3 c-d) showed that bone growth was not uniform over time. Indeed, the MAR in both F1 and F2 decreased from 6 to 8 months, whereas in both T1 and T2 it reaches the lowest value at 7 months. In contrast to elements of the hindlimb, the MAR of both ulna and radius increased following the aging of the animal, with ulna showing lower MAR compared to radius. For the flat bones, the MAR in the frontal element decreased from 6 to 8 months, whereas in the parietal bone it reached a peak at 7 months. The MAR in F1 was significantly higher both at 6 and 7 months than at 8 months (P<0.001), whereas in F2 it was significantly higher at 6 months compared to both 7 and 8 months (P<0.001). In T1, the decrease in the MAR observed at 7 months was statistically significant (P<0.001) compared to both 6 and 8 months, whereas in T2 the same decrease at 7 months was not statistically significant. Finally, both ulna and radius showed a positive linear trend from 6 to 8 months, but only the MAR in ulna at 6 month was found to be statistically significant in comparison with both 7 (P=0.002) and 8 months (P<0.001).
Mineral apposition rate by osteogenic fronts
Evaluating the contribution of distinct osteogenic fronts (osteonic, periosteum and endosteum), the MAR of the osteonic front was constant within the skeletal elements considered and it was the lowest among the fronts investigated (Figure 3b) . Overall, the MAR from the osteogenic front showed a different trend between hindlimb and forelimb being higher in F1, F2 and T1 compared to ulna and radius. On the other hand, regardless of the element analysed within the hindlimb, the MAR of the endosteum was higher compared to the periosteum, whereas in the forelimbs it was higher in the periosteum compared to the endosteum. When the influence of the age was considered, it was observed that the MAR in both the endosteum and the periosteum of the hindlimbs decreased from 6 to 8 months, whereas it increased in the forelimbs during the same time span. Moreover, the MAR of the osteogenic fronts within all the skeletal elements considered was not affected by the aging of the animal. In hindlimb, the MAR in the endosteum was significantly different from the MAR in both the periosteum (P≤0.001) and the osteogenic (P<0.001) front. In the same skeletal elements, a decreasing trend in the contributions of both the endosteum and the periosteum from 6 to 8 months was observed. These trends were statistically significant in F1, F2 and T2 (P<0.001) endosteum and in both F1 (P<0.001) and T2 (P=0.020) periosteum. In the forelimb, the positive influence of the age was statistically significant in ulna at both the endosteum (P<0.001) and periosteum (P=0.009), and in radius at the endosteum (P=0.002). Finally, in flat bones the MAR in the osteonic front was significantly lower than the one in both the endosteum (P<0.001 in both frontal and parietal bones) and the periosteum (P=0.002 in frontal bone; P<0.001 in parietal bone). 
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Discussion
In most mammals the bone growth is assumed to end briefly after sexual maturity due to growth plate closure. Under physiological conditions, the amount of newly formed and resorbed bone during remodeling is in balance; however, the appositional growth by osteoblasts at the endosteal, the periosteal and the osteonic bone edge occurs at different rates throughout the lifespan.
The objective of the current study was to investigate whether the MARs in New Zealand White rabbits varies according to osteogenic front, skeletal element and age of the animals. Our results demonstrate that the MAR in both femur and tibia is statistically higher than in both ulna and radius, therefore the MAR of skeletal elements from the hindlimb is statistically higher than the MAR of the forelimb elements. It is possible to speculate that these results are due to the higher mechanical load experienced by rabbit hindlimbs. It was shown that the average residual stresses is 210 MPa in hindlimb bones and 140 MPa in forelimb bones respectively, indicating that hindlimb bones are subject to a tensile residual stress 1.4 times higher than forelimb bones. 21 Relating to the flat bones investigated in the present study, the MAR of the parietal bones is statistically higher compared to the frontal bone, but it is also analogous to the MAR of both the hindlimb and the forelimb bones. On the other hand, the MAR of the frontal element is similar to the rates observed in the forelimb parts. These results can be explained by the presence of the temporal muscles insertion in the area of the skull investigated. The superficial temporalis muscle is a bipinnate muscle used for mastication, which originates from the dorso-lateral surface of the skull just posterior to the position of the lower jaw articulation, along the border of the parietal and squamosal bones in the fossa for superficial temporalis muscle. It is possible that this muscle influences the mechanical loading of both frontal and parietal bones accounting for the differences found.
Although the association between the mechanical loading and bone (re)modelling was well studied, 22, 23 the mechanisms underlying this phenomenon were just elucidated. Recently, de Jong and colleagues 24 compared the micro-computed tomography (micro-CT) derived mineraldensity maps of cortical bone from rabbit mandibles to the strain-amplitude maps of the same mandibles predicted by finite-element modelling, reporting a strong correlation between the measured mineral densities and the predicted strains. 24 Another recent study used time-lapsed in vivo micro-CT to correlate the sites of local bone formation, resorption and quiescence with the local strain distribution calculated by microfinite element (micro-FE) models, showing that local bone formation and resorption are regulated by the application of mechanical loading. 25 We speculated a decrease in the MAR following the achievement of full skeletal maturity and therefore the aging of the animal, but surprisingly the results obtained are in contrast with our hypothesis. In both ulna and radius, the MAR increased as the animals aged. On the other hand, for the other skeletal elements considered there is an overall decreasing trend from 6 to 8 months for both the femur elements (F1, F2) and the frontal bone, whereas this trend begins only after 7 months for both the tibia elements (T1,T2) and the parietal bone. Rivas and Shapiro 26 studied the histological events involved in the formation of long bones in New Zealand White rabbits from the embryonic limb-bud stage to skeletal maturity, identifying various developmental stages and determining the age at which each event occurs. 26 In particular, the final stages of maturation involve: physis resorption with the linkage of epiphyseal and metaphyseal circulations (stage 16) and the calcification of the lowest zone of articular cartilage, with tidemark formation, and transformation of bone marrow to fat (stage 16a). The authors reported that at 8 months of age both proximal and distal epiphyses of the femur are at stage 16, whereas both proximal and distal epiphyses of the tibia are at stage 16a. Although femur growth plate closes earlier compared to the one in tibia, the skeletal maturation in femur at 8 months of age is at an earlier stage than in tibia. 26 These results agree and support the different MARs detected within the femur and tibia in this study.
In the present paper we analysed the contributions of different osteogenic fronts to the MAR as both osteoblasts and mesenchymal stem cells. They are recruited for osteoblast differentiation and are present in the periosteum and endosteum. 12 Our data suggests that for both long and flat bones, the contribution of the osteonic-osteogenic front towards MAR is the lowest and it is not influenced by the different bone architecture that characterises the skeletal element considered. This evidence is supported by the fact that osteoblasts in Haversian canals lay on the surface much longer than in the periosteum, 10 and also because their linear density is significantly lower in the secondary osteon than in the endosteum. 12 A previous study aimed at evaluating the MAR in a single cross-section plane within the femur reported differences among the ROIs during the experimental times considered. 27 Although different ROIs within each skeletal element were selected in this study, we did not focus on the changes in the MAR within these regions as the influences of muscle and tendon insertions were not analysed.
It is known that the natural bone loading generated from the physiological functional activity acts as mechanical stimulation 28 and various studies reported that shear and strain forces modulates proliferation, differentiation, bone remodelling and activation of matrix protein genes in osteoblast cells. 28, 29 
Conclusions
In this study, the influence of both age and osteogenic fronts on bone MAR was demonstrated in different skeletal elements. Skeletal elements often used as sites for bone implants were analysed and the results cast light on the physiological levels of bone turnover in New Zealand White rabbits, providing new insight for the evaluation of bone implants for tissue regeneration. Among the skeletal elements investigated (femur, tibia, radius, ulna, frontal and parietal bones) MAR resulted statistically higher in femur and tibia than in ulna and radius demonstrating that MAR is statistically higher in the skeletal elements from the hindlimb than from the forelimb. Regarding the actively growing periosteum, endosteum and osteonic osteogenic fronts, the contribution of the osteonic front towards the MAR is the lowest. Moreover, the MAR values obtained from each bone analyzed did not decrease uniformly in the different stages examined (6, 7 and 8 months). Both age and implant sites show different MAR values and that should be considered in the development or in the evaluation of a bone graft. The present conclusions could be useful in a dynamic histomorphometry research aimed at investigating bone tissue reparation or regeneration.
